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点。VBPT2 方法由 VBSCF 计算使用的很少的价键结构集出发，通过 VBSCF 计
算的密度矩阵引入了广义的 Fock 矩阵，然后构造了 Møller-Plesset (MP) 类型的
零级 Hamiltonian。VBPT2 的一级校正波函数展开为单双激发价键结构的线性组
合。这些激发价键结构中的虚轨道正交于占据轨道。通过将激发结构对波函数的















解。使用 VBPT2 方法，我们测试了 H2，F2，N2，O2 等分子的键能，等同氢提取
反应的反应能垒，水分子的对称解离势能面和 F2 分子中共价结构和离子结构的
权重和它们的共振能。计算表明 VBPT2 的结果与 VBCI 和分子轨道理论中的
MRPT 和 MRCI 方法的结果一致。而与 VBCI 方法相比，VBPT2 的计算量要小
很多。对 VBPT2 方法我们还发展了激发空间的收缩技术，使用该技术我们能够
进一步减小 VBPT2 方法的计算量。 
在第五章中，我们提出了收缩的直接矩阵元的价键组态相互作用方法，该方
法在 VBSCF 方法的基础上进行 CI 计算以引进动态相关能。使用相互正交且正
交于占据轨道的虚轨道和激发空间的收缩技术，我们简化了 VBCI 方法中矩阵元
的计算公式。我们还发展了直接矩阵元技术并将分子轨道 CI 方法中 CI 波函数的
优化方法推广到了非正交的情形，使得我们能够容易的处理组态数非常多的
VBCI 波函数。本文的方法克服了 VBCI 方法中价键结构很多时，矩阵元无法存
储和久期方程无法求解的困难。大大的推广了 VBCI 方法的应用范围。而且上述























































As one of the most important chemical bond theories, valence bond (VB) theory 
has been very popular in chemistry. Due to the computational difficulty of 
non-orthogonal orbitals and the development of molecular orbital theory, Molecular 
orbital (MO) theory became more and more popular and gradually makes itself as the 
mainstream method in computational chemistry. Starting from the 1980s and onwards, 
VB theory has been enjoying renaissance by the development of ab initio 
computational methods. In this thesis, we are trying to develop new algorithms for 
VB methods to improve their performance, to develop new computational methods 
for accurate VB calculations,  and to extend the VB applications. The thesis is 
organized as follows: 
In Chapter 1, the background of tensor is introduced. 
In Chapter 2, the creation and annihilation operators in the second quantization 
method is extended to VB theory, wherein non-orthogonal orbitals are used. The form 
of the second quantization VB theory provides a powerful mathematical tool for the 
development in the computational VB method that shall be discussed in the later 
chapters. 
In Chapter 3, an efficient algorithm for the optimization of VBSCF wave function 
is developed. The computaional costs of VB energy, gradients, and Hessians have 
been greatly reduced by introducing the auxiliary active orbitals, which are orthogonal 
to the orthogonalized inactive and virtual orbitals. By designing the code very 
carefully, the repleated evaluations of the matrix elements between two determinants 
are completely avoided in the new algorithm and the matrix is not required to store. 
By expanding the inactive orbtals in terms of basis functions, the integral 
transformation is required only for the active orbitals. Using the non-orthogonal 
orbital based second quantization method, we express all requisite formulae in terms 















algorithm is much faster than the old ones in the XMVB package. 
In Chapter 4, a post-VBSCF method, called valence bond second-order 
perturbation theory (VBPT2), is developed in this paper and is shown to be (i) 
economical, and (ii) at par with more sophisticated VB and MO-based methods. The 
VBPT2 method starts with VBSCF using a minimal structure-set. Subsequently, the 
Møller-Plesset (MP) partition of the zeroth-order Hamiltonian is obtained by 
introducing a generalized Fock matrix constructed from the VBSCF density matrix. 
The first-order wave function is expressed in terms of singly and doubly excited VB 
structures, which are generated by replacing occupied orbitals by virtual orbitals; the 
latter being defined as orthogonal to the occupied orbitals. The VBPT2 method retains 
the simplicity of a VB presentation by condensing contributions from the excited 
structures into the minimal number of fundamental structures that are involved in the 
VBSCF calculation. The method is tested by calculating the bond energies of H2, F2, 
N2, O2, the barriers of identity hydrogen abstraction reactions, the atomization energy 
and a potential energy curve for the water molecule and the structural weights and 
covalent-ionic resonance energy of F2. It is shown that the VBPT2 method gives 
results in good agreement with those of the VBCI method and molecular-orbital based 
methods such as MRPT and MRCI at the same truncation levels. However, the 
computational effort is greatly reduced, compared to that of VBCI. Future potential 
directions for the development of the VBPT2 method are outlined. 
In Chapter 5, an improved valence bond configuration interaction is developed 
by using coefficient contraction technique, thus called contracted VBCI (CVBCI). In 
this method, the evaluation of the matrix elements in VBCI is simplified by 
contracting the exited space and by using the orthogonal constraint of the inactive and 
virtual orbitals. The direct algorithm for the MO-based CI is extended to the 
nonorthogonal VBCI method, and thus the secular equation of the VBCI wave 
function with numerous VB structures can be easily solved, extending the VBCI 
applications to larger molecule systems. Moreover, the direct matrix element 















In Chapter 6, a valence bond method based on Lewis structures, called LVB, is 
presented. The method uses a Slater determinant expansion of doubly occupied 
orbitals for describing a Lewis structure, where two orbital sets, semi-localized 
orbitals, called bond orbitals, and hybrid localized orbitals (HAOs), are employed. 
The levels of LVB method are fashioned as LVBS and LVBSD etc. LVBS involves 
only the single bond orbital replacements with HAOs, while LVBSD involves also 
double replacements, and so on. Tests of three examples, methane, methylene, and 
benzene, show that the LVB method at both of LVBS and LVBSD levels gives results 
that match those of the VBSCF method very well, even though the form of LVB wave 
function is much compact.  
In Chapter 7, VB method and electron topology analysis are applied to study the 
nature of C-C bonds. Valence bond and electron density computations of 16 C-C 
bonds show two families of bonds that flesh-out as a phase diagram. One family, 
involving ethane, cyclopropane etc., is typified by covalent C-C bonding wherein 
covalent spin-pairing accounts for most of the bond-energy. The second family 
includes the inverted bridgehead bonds of small propellanes, where the bond is 
neither covalent nor ionic, but owes its existence to the resonance stabilization 
between the respective structures; hence a charge-shift (CS) bond. The dual-family 
emerges also from calculated and experimental electron density properties: Covalent 
C-C bonds are characterized by negative Laplacians of the density, whereas CS-bonds 
display small or positive Laplacians. The positive Laplacian defines a region suffering 
from neighbouring repulsive interactions, precisely the case in the inverted bonding 
region. Such regions are kinetic-energy rich, and indeed the energy-density analysis 
reveals that CS-bonds are kinetic-energy-richer than the covalent C-C bonds. The 
large covalent-ionic resonance energy is precisely the mechanism that lowers the 
kinetic energy in the bonding region and restores equilibrium bonding. Thus, different 
degrees of repulsive strain create two bonding-families of the same chemical bond 
made from a single atomic constituent. It is further shown that the idea of repulsive 
strain is portable and can predict the properties of propellanes of various sizes and 















manifested in [1.1.1]propellane where the inverted C-C is a CS-bond, while the wings 
are made from covalent C-C bonds. What other manifestations can we expect from 
CS-bonds? Answers from experiment have the potential of re-charting the mental map 
of chemical bonding. 
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